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Thermal stresses and strains in injection moulding:
experiments and computations
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The effect of thermal stresses in moulded components has been demonstrated by
measuring the warpage of centre-gated discs which were injected in a mould, the two sides
of which were regulated at different temperatures. Polypropylene discs exhibited larger
warpage than polystyrene ones. The measured curvature increased with the difference in
mould temperature, and decreased when the packing pressure increased. Thermal stresses
and strains have been computed assuming an orthotropic thermo-elastic behaviour for the
polymer. A three-dimensional finite element method was used. The different steps of the
moulding process, and associated changes of boundary conditions, have been taken into
account. The results are qualitatively in agreement with the measurements. Finally the
calculation was applied to a box mould, leading to a characteristic box deformation in
“diamond ace” form which is consistent with the experiments.

1. Introduction

The existence of residual stresses and strains is a crit-
ical problem encountered in injection moulding of
thermoplastic polymers: the shape of the part after
demoulding differs from the shape of the mould cavity
and it can change during its life (during a painting
operation or when the temperature is significantly
modified). In addition, a too high level of residual
stresses can diminish the impact resistance of the part.

The general term “residual stresses” may, in fact,
hide different kinds of phenomena such as frozen-
in orientation, flow stresses or thermal stresses. In
injection moulding, the mechanisms which will pro-
mote these different residual stresses are often similar,
which does not facilitate their analysis:

(a) The macromolecular orientation is linked to the
shear and elongational stresses developed during the
filling and the packing stages of the mould, and it is
partly frozen-in because of the rapid cooling;

(b) the temperature profile during packing and
cooling is linked to the conduction heat transfer be-
tween the cooled mould walls and the hot molten
polymer, and also to the heat dissipation induced by
flow stresses during mould filling. Therefore, thermal
shrinkage is different over the part, leading to thermal
stresses and warpage after ejection;

(¢) in addition, macromolecular orientation as well
as crystallization in the case of semicrystalline poly-
mers will be different throughout the thickness of the
part, because of the different stresses and cooling rates.
This will induce heterogeneity within the part thick-
ness as well as anisotropy between the direction of the
flow and the cross-flow direction of mechanical prop-
erties and thermal expansion coefficient.

In the present work the effect of thermal residual
stresses in disc parts submitted to asymmetric cooling
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was investigated measuring the warpage of the disc.
A three-dimensional temperature dependent thermo-
elastic finite element model, taking into account het-
erogencous and anisotropic values for the thermal
expansion coefficient and for the Young’s modulus, is
presented here. The numerical results are compared to
the experiments. Finally, this model is applied to
understand shrinkage and warpage phenomena in
a box-shaped mould.

2. Experimental procedure

2.1. Measurements of residual stresses:
state of the art

Destructive as well as non-destructive methods have

been used for several decades in order to measure

residual stresses in different kinds of materials (glass,

metals and, more recently, polymers).

2.1.1. Non-destructive methods

Photoelasticity is a well-known technique for measur-
ing the stress state in complex parts subjected to
external forces using a transparent polymer scale
model. Vincent et al. [1] measured directly thermal
stresses in polyethylene submarine cable coating. This
technique is difficult to use in injection moulding,
because it averages macromolecular orientation and
thermal stresses (in extrusion, especially for the large
thicknesses encountered in submarine cable coating,
the orientation phenomena are negligible). In addi-
tion, the largest stress gradients are located in the part
thickness and their observation makes a preliminary
destructive cutting operation necessary. X-ray diffrac-
tion has been used to measure residual stresses in
metal parts. It may also be applied for highly
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crystalline polymers. For amorphous polymers, Bar-
rett and Predecki [2] introduced small metallic par-
ticles in the polymer, then measured their lattice defor-
mation in the injected part and therefore deduced the
stress state in the polymer material assuming a perfect
contact between metallic particles and matrix.

Asymmetric cooling consists in regulating the
two sides of a plaque or of a disc mould at distinct
temperatures. When demoulded, the plaque or the
disc is warped and the radius of curvature may be
measured at different time steps. It is related to the
stress state throughout the thickness of the part. Sev-
eral preliminary measurements have been performed
by St Jacques [3] and by Riess [4].

2.1.2. Destructive methods

The stress relaxation method consists in measuring
the kinetics of stress relaxation which depends on the
level of residual stresses [5,6]. The main disadvantage
of this method is that only average through-thickness
stresses are measured. In the so-called hole-drilling
method, a hole is machined at the surface of a part, the
deformations around the hole are measured at the
surface by strain gauges and the stress state is then
deduced. This method has been intensively used in
metal parts. Ito [7] tried to transpose the technique to
thermoplastic parts with great experimental difficul-
ties, among which were the appearance of cracks
around the hole, and the introduction of stress by
machining. The most popular method for thermoplas-
tic parts is the so-called “layer removal method”
which consists in cutting a sample within the injected
part, then removing successive layers in this sample, at
each step measuring the radius of curvature of the
remaining part of the sample, and finally calculating
the stress state throughout the thickness using the
Treuting and Read [8] equation. Even though this
technique is very attractive because it leads to the
stress profile throughout the thickness of the part, it
must be remembered that it is based on restrictive
assumptions: (1) the stress state is not modified by the
cutting operation, (2) the layer removal operation does
not modify the stress state (before warping), (3) the
stress state is homogeneous in the plane of the sample,
(4) the material is homogeneous and isotropic, (5) the

material has a purely elastic behaviour and the sample
is submitted to pure bending. This method has been
used by Isayev and Crouthamel [9] to study the
influence of the injection parameters on the stress
state. One of the key points in this method is the time
elapsed between the layer removal and the measure-
ment of the radius of curvature. Isayev and
Crouthamel tried to reduce this time to a minimum
(2 min in the best situation), whereas Siegman et al.
[10] waited until the radius of curvature reached its
maximum value.

2.2, Polymers and moulds

Two commercially available polymers were used,
a polystyrene Gedex 1541 from Norsolor (now Elf-
Atochem) and a polypropylene 3050 MN4 from Elf-
Atochem. Several centre-gated disc moulds with
different diameters and thicknesses were used (Table 1)
under different injection parameters (flow rate, mould
temperature, packing pressure, packing time, etc.).
They will be indicated when presenting the different
experimental tests.

2.3. Warpage measurements in asymmetric
cooling experiments
Two successive sets of experiments were performed.
The first one was performed with Disc 2 mould ge-
ometry (see Table I): two disc thicknesses were tested
(2 and 4 mm). Polystyrene and polypropylene were
injected with different temperature gradients between
the upper and Jower parts of the mould (T, and T',,)
and different packing pressures (see Table II). The
shape of the part after demoulding was measured by

TABLE I The different disc mould geometries

Name Diameter Thickness Origin
(mm) (mm)
Disc 1 160 3 Elf-atochem
Disc 2 360 2 Elf-Atochem
4
Disc 3 110 2 Lycée Technique

d’Oyonnax

TABLE Il Asymmetric cooling experiments: injection moulding conditions for Disc 2 polystyrene and polypropylene samples

Polymer Flow rate Polymer Mould temperature, Packing pressure
(m3s™Y) temperature Tt/ T s (MPa)
Q) 0

Polystyrene 7% 1073 220 30/30 40
65/65 40
65/30 25
65/30 40
65/30 65

Polypropylene 55%x1073 230 30/30 40
65/65 40
65/30 25
65/30 40
65/30 65

553



SEVA mould manufacturing company using a three
dimensional contactless measuring system. The posi-
tion of 60 points was compared to a reference point.
The delay between injection and shape measurement
was about 3 months. The temperature of the disc was
kept constant at 25°C during this period.

When symmetric cooling temperature are used the
shape of the disc is supposed to remain flat. In fact,
warpage was observed. This may be related to the
non-symmetrical location of the mould sprue as well
as to preferential detachment of the part from one side
of the mould. The same kind of phenomenon has been
observed by Hecini [11] on a plaque geometry. It
remains limited for polystyrene (Fig. 1a) but is more
pronounced for polypropylene (Fig. 1b). This may be
related to the higher thermal expansion coefficient
(22x1073°C~! instead of 5x 107 °°C™1) for poly-
propylene. The conclusions are similar for the 2 and
4 mm thick discs. Note that the scale is not identical in
the plane of the part and in the thickness direction.

When asymmetric cooling is used, warpage is signi-
ficantly enhanced. This is clearly shown in Fig. 2 for
polypropylene Disc 2, 4 mm thick. When increasing
the packing pressure for given mould temperatures
(65/30°C), the curvature of polypropylene discs de-
creases significantly (Fig. 3).

The second set of experiments was performed with
Disc 3 mould geometry (see Table I). Polystyrene was
injected with the same flow rate, 9 x 107> m3s ™1, and

Figure | Warpage effects for polystyrene (a) and (b) polypropylene
2 mm thick discs (Disc 2) injected under the same conditions (pack-
ing pressure 40 MPa) and with equal upper and lower mould
temperatures (30 °C).

Figure 2 Warpage effects for polypropylene Disc 2, 4 mm thick: (a)
symmetric cooling conditions {30/30 °C); (b) non-symmetric cooling
conditions (65/30 °C); other injection parameters were kept constant
(packing pressure 40 MPa).
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Figure 3 Influence of the packing pressure on the curvature of
polypropylene Disc 2, 4 mm thick; mould temperatures 65/30°C,
other injection parameters were kept constant (see Table II).

melt temperature, 240 °C, with different temperature
gradients between the upper and lower mould walls.
The influence of the packing pressure, the packing
holding time, and two cooling procedures after ejec-
tion, in air at 25 °C or in water at 5 °C, was tested. The
radius of curvature was measured with a three-dimen-
sional profilometer. The time elapsed between injec-
tion moulding and measurement was 1 week. The
discs were kept at a constant temperature (room tem-
perature for the samples which were cooled at ambient
temperature, — 15°C for the samples quenched in
water). When increasing the temperature gradient, the
curvature increases (Fig. 4a). It is interesting to note
that the sign of the curvature changes when the tem-
perature gradient is inverted, which indicates that
there is no significant stiffening effect of the mould
sprue. The influence of the temperature gradient is
enhanced when the disc is quenched in water at 5°C
which demonstrates the existence of stress relaxation
phenomena during cooling. When increasing the
packing pressure, the curvature decreases (Fig. 4b) as
pointed out previously with Disc 2 experiments. The
curvature decreases when the packing holding time
and the cooling time increase.

These experiments clearly show the influence of the
packing pressure and cooling conditions on part
warpage and thus on residual stresses.

3. Computation of the thermal stresses
3.1. State of the art

The first models dealing with thermal stresses were
developed for glass forming. Bartenev [12] considered
the quenching operation of an infinite plane plaque.
He developed a thermo-elastic model with a ficti-
tious parameter to account for glass solidification.
Aggarwala and Saibel [13], Lee and Rogers [14] and
Crochet and Denayer [15] introduced more sophisti-
cated thermo-viscoelastic material behaviours. The
quenching of an infinite polymer thermoplastic plane
plaque has been first analysed by Righdal {16] using
a thermo-elastic model and by Struik [17] and Aarab
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Figure 4 Polystyrene Disc 3: (a) curvature as a function of the temperature gradient (packing pressure 30 MPa); (b) curvature as a function of
the packing pressure (the disc has been cooled in air, temperature gradient 40 °C).

[18] for thermo-viscoelastic models. When dealing
with injection moulding, the problem is much more
complex because of the influence of the thermo-mech-
anical history (mould filling and packing) and of the
modifications of the boundary conditions during the
injection cycle {closed, then open mould). Menges et
al. [19] developed the well-known layer method which
consists in dividing the flat sample in several fictitious
slices (with well-defined thermoelastic parameters)
and in considering a homogencous deformation for
the whole sample (free or blocked, depending on the
geometry of the injected part). Mills [20] took into
account the packing parameters (packing pressure
and packing holding time, freezing time of the mould
sprue). Ries [4] improved the Menges model espe-
cially by taking into account a thermo-viscoelastic
behaviour and the modification of the boundary con-
ditions after demoulding. Titomanlio et @f. [21] ana-
lysed carefully the phase transitions during packing,
More recently, Baaijens [22] and Kabanemi and
Crochet [23] proposed integrated models including
the filling and packing phases for more general geo-
metries and thermo-viscoelastic equations.

Our model takes into account three-dimensional
geometries, heterogeneous and non-isotropic temper-
ature-dependent thermoelastic parameters, the influ-
ence of the filling and the packing stages, as well as the
modification of the boundary conditions after de-
moulding.

3.2, The incremental thermo-elastic
computation
The succesive injection steps are shown in Fig. 5.

(a) The filling stage: the temperature field and the
solid-layer thickness distribution at the end of the
filling stage have been determined using the injection
moulding software FILL2 (see Agassant et al. [24]).
End of filling will be considered as the initial time for

Filling Packing Cooling in the Cooling out of

mould the mould
L L § 1 | I
! T T T 1 ! -
G ts i, fin . %
H i i i i
The Coexis- All the All the part
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pressure solid and solid
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Figure 5 Characteristic times of the injection process.

the development of the thermal stresses in the injected
part, which means that the thermal stresses in the two
thin solidified layers along the mould walls at the end
of the filling stage have been neglected.

{b) The packing stage: during this stage, the pres-
sure in the liquid is imposed by the machine until the
gate solidification. It is supposed to remain homo-
geneous in all the liquid area. Only the cooling mecha-
nism has been considered in this paper. The thermal
balance equation is

pc(T)%—Z: = div(k grad T') (1

The viscous dissipation has been neglected during the
packing stage, as well as the influence of the pressure
on the internal energy. For semi-crystalline polymers,
the enthalpy of crystallization has been taken into -
account in the volumic thermal capacity pe(T ). The
polymer has been considered to be solidified when
T < T*(T*is a no-flow temperature for amorphous
polymers and a crystailization temperature for semi-
crystalline polymers).

Because the gate is not frozen, the thermal shrink-
age in the liquid area is neglected because it is com-
pensated by the entrance of molten polymer due to the
packing pressure.
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In the solidified layer, an incremental thermo-elastic
approach (Equation 2) is used to calculate the defor-
mation

Ae“®! = SAc + [S(T + AT) — S(T)]o(@®)

T+AT
+j (T [, dT " (2)

T

where S is the orthotropic elastic compliance tensor,
o the orthotropic thermal expansion tensor, ¢ the
stress tensor at time ¢t (when the temperature distribu-
tionis T') and Ao is the stress increment between t and
t 4+ dt (when the temperature distributionis T + AT).

The deformation of the mould is neglected and
a perfect contact between the solidified layers and the
mould is considered. A constant isotropic pressure
equal to the packing pressure is considered at the
liquid-solid interface.

(c) The cooling stage in the mould: the same in-
cremental thermoelastic approach (Equation 2) is used
but now both in the melt pool and in the solidified
layers until time #;,, and in the whole solid part be-
tween time f;,, and the demoulding time, ¢.. A perfect
contact is considered between the mould wall and the
polymer. When molten and solid polymer are present
simultaneously, the pressure in the melt is imposed as
a boundary condition at the solid—liquid interface.

This pressure decreases progressively following
Equation 3
AV
AP = — 3
o 3)

where y is the compressibility coefficient of the molten
polymer and AV is the volume change induced by the
thermal shrinkage (Equation 4)

AV = JtraATdv 4)
Q

where Q is the volume of the part.

(d) Demoulding (¢t = t.): the boundary conditions
are suddenly modified (zero stress instead of zero
deformation) and a purely elastic instantaneous defor-
mation is considered at the temperature field existing
in the part at demoulding time.

(e) The cooling stage out of the mould: zero-stress
boundary conditions are considered at the periphery
of the part. Free-convection thermal boundary condi-
tions are considered when the part is cooled in air at
ambient temperature. The temperature of the fluid is
imposed at the part surface when quenching in
water. The thermo-elastic temperature-dependent in-
cremental formulation is used in order to account
for large deformations of the part. If the deformation
of the part remains small, the stress development
during this cooling stage can be performed in one
step.

3.3. Finite element formulation
(a) Thermo-elastic formulation: at each time step, the
increment of displacement Au is obtained by minimiz-
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ing the functional ® (Au)
1
O (Au) = ——j Ac: Aedy —J S YaAT
2 Jo o

+ AS Gy ): Aedo (5)

where Ao is the incremental stress step related to the
incremental deformation, Ag, defined by Equation 2.
Oin; 18 the stress distribution at time t. Owing to the
large deformation encountered during the cooling
stage out of the mould, a Newton Raphson algorithm
has been used in order to ensure, at each time step, the
mechanical equilibrium on the final configuration.

(b) Thermal formulation: the thermal balance
(Equation 1) has been solved using a three-dimen-
sional software package which has been developed in
our laboratory (see Soyris, [25]).

(c) General algorithm: at each time step, the new
temperature field is computed to determine the thick-
ness of the solid layer. The calculated displacement,
Au, leads to the new geometry, defined by the position
x of the material points, by

X + Au (6)

X =
and the new stress state by

c = o+ Ac (7)

The boundary conditions for the displacements, the
stresses and the temperature are incrementally modi-
fied depending on the chronology of the time in-
crement in comparison with the characteristic steps of
the process (see Fig. 5).

3.4. Applications

(a) Disc 1 geometry filled with polystyrene Gedex
1541 was tested with symmetric cooling. The injection
parameters were: flow rate 9 x 1075 m?s™1; injection
temperature 240 °C, holding pressure 10 MPa, pack-
ing holding time 15 s, cooling time in the mould 60 s.

Initially, a constant value was chosen for the ther-
mal expansion coefficient (o = 5 x 107°°C 1) and for
Poissons coefficient (v = 0.35). A temperature depend-
ent homogeneous isotropic value of the Young’s
modulus was considered (E = 3300 MPa at 25°C,
E =2620 MPa at 50°C and E =0 at T*).

A compressive stress was predicted in the skin re-
gion and a tensile stress in the core. When increasing
the mould temperature, both compressive stresses and
tensile stresses decrease (Fig. 6). When increasing the
packing pressure (Fig. 7), the compressive and tensile
stresses initially decrease. For a high packing pressure
(P, = 60 MPa), an inversion of the stress field is cal-
culated: the skin is now in tension and the core is in
compression which is in agreement with the computa-
tions of Titomanlio et al. [21].

Then anisotropic and inhomogeneous values of the
Young’s modulus and of the thermal expansion coef-
ficient were introduced in the two skin regions the
thicknesses of which were one-sixth of the disc thick-
ness and where a sharp macromolecular orientation
may be observed: orthotropic values have been con-
sidered for the Young’s modulus with values parallel



5
£
& - -
0 M ———— 5
G
0.
S
o -5+ o
g 3
+—
)
-104
1
-15 T v
0.0 0.5 1.0
z/zy

Figure 6 Polystyrene, Disc 1: computed thermal stress distribution
throughout the part thickness for three different mould temper-
atures: (1) 75°C, (®) 35°C, (W) 20°C.
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Figure 7 Polystyrene, Disc 1: influence of the packing pressure, P.:
(&) 10 MPa, (¢) 30MPa, () 60 MPa. The temperature of the
mould is 20 °C.

and perpendicular to the flow equal, respectively, to
4300 and 2800 MPa (at room temperature), and the
thermal expansion coefficient with values parallel and
perpendicular to the flow equal, respectively, to
35x107° and 5x107°°C~ 1 Isotropic values are
used in the core region. Such levels of anisotropy have
been measured on several polymers by Denizart [26].
The mould temperature was 20 °C. As shown in Fig. §,
stresses are more important in the flow direction than
in the direction perpendicular to the flow.

Finally, the influence of the no-flow temperature,
T * was tested. All the preceeding computations were
performed with T * = 110°C. When decreasing the
value of T * to 100°C the thermal stress distribution
was divided by a factor 2 (Fig. 9). Consequently, the
influence of small T * variations is more important
than taking into account anisotropic and heterogen-
eous values for the thermo-elastic parameters.

(b) Disc 2 geometry (thickness 4 mm) filled with
polypropylene 3050MN4 was tested with asymmetric
cooling (65°C for the upper wall and 30°C for the
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Figure 8 Polystyrene, Disc 1: computed thermal stress distribution
throughout the thickness, with anisotropic and inhomogeneous
thermo-elastic parameters. (=) Radial, (®) orthoradial.
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Figure 9 Polystyrene, Disc 1: thermal stress distribution within the
thickness for two no-flow temperatures: T* =
110°C.
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Figure 10 Temperature profile at the end of the filling time through-
out the disc thickness.

lower one). The initial temperature profile throughout
the thickness was uniform in the whole disc (Fig. 10).
Isotropic and homogeneous thermo-elastic para-
meters were considered (o0 =22x10"°°C™%,
E =1300 MPa and v =04 at 25°C. The Young’s
modulus dependence with temperature was given by
Ries [4]). A packing pressure of 20 MPa was imposed
for 26 s. Then, the packing pressure was removed and
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1:[4.6,7.8] 4:[-5.0,-1.8 7:[-24.0,—15.0)
2:(1.4,46] 5:[-11.4, —-5.0]
3:0-1.8,1.4] 6:[-15.0, ~11.4]
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2:[0.3,40] 5:[-10.8,—7.1]
3:[~3.4,0.3] 6:[-20.0,-10.8]

(b)

Figure 11 Polypropylene, Disc 2: isovalues of the o,, stress component (in MPa) and corresponding deformation of the disc: (a) 2 s after

demoulding; (b) 15 min after demoulding.
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Figure 12 Polystyrene, Disc 3: comparison between computed and experimental curvatures: (a) influence of the mould temperature gradient.
Computations are made with two packing pressures, P. = 30 and 10 MPa; (b) influence of the packing pressure for a temperature gradient

of 40°C.

the disc was successively demoulded and cooled to
room temperature.

The temperature and stress fields were incremen-

tally computed, as well as the deformation of the disc.
The ©,, component of the stress tensor always remains
small in comparison with the &,, and 644 components,
which are similar. The isovalues of o,, are represented
2s after demoulding on Fig. 11a and 15 min after
demoulding (when the part is at room temperature) in
Fig. 11b. It is interesting to note that the stress field is
only slightly modified: tensile stresses are maximum in
the core region with a value of 7.8 MPa 2s after
demoulding and 7.7 MPa 15 min after demoulding.
The skin is in a compressive state of — 24 MPa 25
after demoulding and of — 29 MPa 15 min after de-
moulding toward the cooler side of the mould and of
—15MPa 2s after demoulding and — 20 MPa
15 min after demoulding along the warmer side of the
mould. It is more interesting to note that the sign of
the curvature changes during cooling: the disc is first
curved towards the cooler side of the mould and
finally curved towards the warmer side of the mould.
This is in qualitative agreement with experiments.

4. Comparison between experiments
and computation

These comparisons were performed on Disc 3 polysty-

rene samples. The injection parameters were presented
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in Section 2.3. The same thermo-elastic data as in the
isotropic Disc 1 computations were chosen.

Fig. 12a compares the influence on the curvature of
the temperature gradient between the upper and lower
parts of the mould. When the computation is per-
formed with a fixed packing pressure P, = 30 MPa,
the agreement is good only for low temperature gradi-
ents. When imposing arbitrarily a lower packing pres-
sure, the agreement is good over the whole domain.
This may be related to the approximative method
used for the computation of the packing stage.

Fig. 12b compares the influence of the packing
pressure on the curvature for a constant temperature
gradient of 40 °C. The agreement is good at low pack-
ing pressure.

As a consequence, the computation model is able to
take qualitatively into account the influence of the two
more influent parameters we have determined with the
asymmetric cooling experiment: the temperature
gradient and the packing pressure.

5. Application to a more realistic
injected part

A square-box mould was injected at Ecole Nationale

Supérieure des Arts et Métiers with a polyamide 6.6

(Rhone Poulenc). The dimensions of the box were

7 cm x 7 cm x 4 ¢cm, with a thickness of 3 mm. The pro-

cessing conditions were: injection temperature 300 °C,



mould temperature 80°C, volumic injection rate
Q=6x10"°"m3s™!; packing pressure 30 MPa,
packing holding time 10 s, demoulding after 30 s. After
demoulding, a characteristic “diamond ace” shape
may be observed, as shown in Fig. 13. With the help of
a profilometer (which was used for the preceeding
asymmetric cooling deformation measurements)
a more detailed analysis of the box deformation was
performed (Fig. 14): the maximum deflection of the
lateral sides of the box was 6, = 0.76 mm whereas
the deflection of the bottom was 6, = 0.5 mm.

A numerical simulation was performed with the
following homogeneous and isotropic values for
the thermoelastic parameters at room temperature:
E=16GPa, v=0.350=2x10"*°C L. A no-flow
temperature T * = 260 °C was chosen.

The deformations after demoulding were computed.
For a packing pressure of 10 MPa (lower than the
experimental one) the “Diamond ace” defect was pre-
dicted (Fig. 15). The computed deflection of the middle
of the lateral side with respect to the corner was
84 — 63 = 04 mm lower than the experimental one
(0.76 mm). The computation model does not predict
the curvature of the bottom. When increasing the
packing pressure to 20 MPa, the warpage values de-
crease significantly.

Figure 13 Injected polyamide box.
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Figure 14 Final shape of the polyamide box: (a) top view, (b) side
view.
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Figure 15 Top view of a quarter of the polyamide box; 8; = 0.8 mm,
8,=12mm

6. Conclusions

An asymmetric cooling method has been used in order
to show the effect of the residual stress distribution in
injected discs. The influence of the temperature gradi-
ent between the upper and the lower parts of the
mould and of the packing pressure is clearly shown.

A global numerical analysis of the injection mould-
ing process has been built, taking into account the
filling stage, the packing stage with a simplified
method and the cooling stage inside and outside the
mould. A three-dimensional thermo-elastic temper-
ature-dependent finite element method has been
proposed for the prediction of the thermal stresses.
Heterogeneous and orthotropic values have been tes-
ted for the thermoelastic parameters. Careful attention
has been devoted to the influence of the characteristic
times of the process (packing holding time, frozen
time, demoulding time, etc.).

There is a good qualitative agreement between the
computation results and the experimental measure-
ments. The influence of the orthotropy and of the
heterogeneity of the thermo-elastic parameters seems
to be less pronounced than the influence of less intu-
itive parameters such as the no-flow temperature. At
this time, the numerical model appears to be a useful
tool to understand shrinkage phenomena in more
complex moulds, as it has been shown for a box-
shaped part.

For further developments, it will be necessary to
improve the model by taking into account more soph-
isticated phenomena, such as frozen-in flow stresses,
more complex boundary conditions, such as mould
deformation, contact resistance between the polymer
part and the metal of the mould and more realistic
thermoviscoelastic constitutive equations. This will
require numerous new experimental measure-
ments.
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